Abstract: Kaempferol (Kae) is a natural flavonoid with potent antioxidant activity, but its therapeutic use is limited by its low aqueous solubility. Here, a series of Kae derivatives were synthesized to improve Kae dissolution property in water and antioxidant activity. These compounds included sulfonated Kae (Kae-SO 3 ), gallium (Ga) complexes with Kae (Kae-Ga) and Kae-SO 3 (Kae-SO 3 -Ga). The compound structures were characterized by high-resolution mass spectrometry (HRMS), nuclear magnetic resonance (NMR) spectroscopy, ultraviolet-visible (UV-Vis) spectroscopy, Fourier transform infrared (FT-IR) spectroscopy and thermal methods (TG/DSC). The results showed that a sulfonic group (-SO 3 ) was successfully tethered on the C3' of Kae to form Kae-SO 3 . And in the metal complexation, 4-CO and 3-OH of the ligand participated in the coordination with Ga(III). The metal-to-ligand ratio 1:2 was suggested for both complexes. Interestingly, Kae-SO 3 -Ga was obviously superior to other compounds in terms of overcoming the poor water-solubility of free Kae, and the solubility of Kae-SO 3 -Ga was about 300-fold higher than that of Kae-Ga. Furthermore, the evaluation of antioxidant activities in vitro was carried out for Kae derivatives by using α,α-diphenyl-β-picrylhydrazyl (DPPH) and 2,2'-azino-bis(3-ethylbenzo-thiazoline-6-sulfonic acid) diammonium salt (ABTS) free radical scavenging. The results showed that Kae-SO 3 -Ga was also optimal for scavenging free radicals in a dose-dependent manner. These data demonstrate that sulfonate kaempferol-gallium complex has a promising future as a potential antioxidant and as a potential therapeutic agent for further biomedical studies.
Introduction
In general, the most discussed feature of polyphenols and plant phenolics is their capability to scavenge reactive oxygen species (ROS) [1] [2] [3] . However, the phenolics cannot be synthesized by human beings, but can be gained through the diet. Vegetables and fruits are the major indispensable sources of dietary phenolics [4, 5] . Excess free radicals generated in body metabolism can be sufficiently decreased by regular intake of enough vegetables and fruits [6] .
Flavonoids, which are phenolic compounds, extensively spread in the plant kingdom. The four major types of flavonoids include 4-oxoflavonoids (flavones and flavonols), isoflavones, flavan-3-ol derivatives (catechin and tannins) and anthocyanins [7] . Flavonoids are composed of two aromatic rings (rings A and B) linked through an oxygenated heterocycle (ring C). This ring C is the most representative core feature of each flavonoid subfamily [8] . 
Results and Discussion

Sulfonation of Kae on Ring B
Kae was sulfonated in order to improve its water-solubility. After sulfonation reaction, 13 C and 1 H NMR spectra of Kae and Kae-SO3 were obtained in DMSO-d6 solvent, respectively. In the NMR studies, all the protons and carbons resonate at their expected frequency ranges in DMSO-d6 at room temperature, properly assigned by the help of corresponding NMR experiments. A possible sulfonation site at Kae could be found by comparing the chemical shifts of carbon atoms in Table 1 . The results indicated that the chemical shift of C3' of Kae and Kae-SO3 was 115.91 ppm and 127.63 ppm, respectively. It showed the largest difference of about 12 ppm between Kae and Kae-SO3, and it might indicate that the chemical environment of C3' changed greatly after Kae sulfonation. In addition, chemical shifts of other carbon atoms on ring B was also changed, but to a less extent about 2 ppm. Because the sulfonic group was a strong electron withdrawing group, it could affect the electron cloud density around the carbon atoms on ring B. However, the chemical shift of carbon atoms on ring A was nearly unchanged. Therefore, a sulfonic group was expected to replace the hydrogen atom of C3' (Figure 1b) .
Furthermore, there was a lack of a signal of H3' proton in 1 H NMR spectra of Kae-SO3 and Ga(III) complex with Kae-SO3 (Kae-SO3-Ga) in Table 2 , respectively. It proved the substitution of H3' proton by a sulfonic group in ring B of Kae molecule. Meanwhile, chemical shifts of H2' and 4'-OH protons also changed a little after the sulfonation reaction. Because the sulfonic group was a strong electron withdrawing group, it influences electronic cloud density of nearby hydrogen atoms. 
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UV-Vis Spectra Analysis
The UV-Vis spectra of Kae, Kae-SO 3 , Kae-Ga and Kae-SO 3 -Ga in ethanol were analyzed, respectively ( Figure 2 ). The data is listed in Table 3 . It was obvious that the corresponding profiles for Kae and Kae-SO 3 were similar in Figure 2 . The same pattern was also observed when comparing with the profiles for Kae-Ga and Kae-SO 3 -Ga. This UV pattern similarity supported the idea that -SO 3 group has little effect on Kae's UV absorbtion, and the chelation ability of Kae with Ga(III) was hardly affected by introducing a sulfonic functional group in the basic flavonoid skeleton. Moreover, according to the Kae structure (Figure 1a ), it could be inferred that the 3-hydroxy-4-oxo part of Kae might be the initial sites involved in the metal coordination process due to the acidic nature of 3-OH and appropriate location of 4-CO. It was well known that high delocalization of oxygen electrons of 3-OH group could prompt the π electrons delocalization [17, 34] . After 3-OH group binding with a Ga(III) ion, a big outstretched π bond system could be developed subsequently via electronic redistribution. Thus, an enhanced conjugative effect occurred in association with 3-OH and 4-CO in ring C [35] , and it brought a direct consequence-a new ring was formed in the Ga(III) complexes with Kae-Ga and Kae-SO3-Ga (Figure 1c,d ). This newly-formed For Kae, two major characteristic bands, i.e. two absorption peaks, were observed at 368 nm and 266 nm for band I and band II, respectively (Figure 2a) , which was consistent with the previous study [33] . The absorption peak at 266 nm (band II) was considered to be annotated for the absorption involving benzoyl system (ring A). The absorption peak at 368 nm (band I) was closely related to the cinnamoyl system (ring B) of Kae. After Kae chelating with a Ga(III) ion, band II moved slightly from 266 nm to 271 nm (band IV) by red shift, which suggested that no considerable change arose in benzoyl system in the chelating reaction. However, the interaction between Kae and Ga(III) caused a significant change to the peak at 368 nm (band I). It was displaced by the peaks at~430 nm of Kae-Ga (band III) and Kae-SO 3 -Ga (band VII), respectively ( Figure 2) . A bathochromic shift of about 62 nm was clearly appeared. It confirmed that complex formation took place between Ga(III) ion and Kae ligand.
Moreover, according to the Kae structure (Figure 1a ), it could be inferred that the 3-hydroxy-4-oxo part of Kae might be the initial sites involved in the metal coordination process due to the acidic nature of 3-OH and appropriate location of 4-CO. It was well known that high delocalization of oxygen electrons of 3-OH group could prompt the π electrons delocalization [17, 34] . After 3-OH group binding with a Ga(III) ion, a big outstretched π bond system could be developed subsequently via electronic redistribution. Thus, an enhanced conjugative effect occurred in association with 3-OH and 4-CO in ring C [35] , and it brought a direct consequence-a new ring was formed in the Ga(III) complexes with Kae-Ga and Kae-SO 3 -Ga (Figure 1c,d ). This newly-formed ring could enable these complexes to obtain additional molecular stabilization of lower energy state. Figure 3 showed FT-IR spectra of Kae, Kae-Ga, Kae-SO 3 and Kae-SO 3 -Ga, respectively. Data is listed in Table 4 . For free Kae, the characteristic C=O stretching band was found at 1659.5 cm −1 . It shifted to 1615.7 cm −1 and 1617.6 cm −1 in the case of Kae-Ga and Kae-SO 3 -Ga, respectively. This was because the metal coordination had a significant impact on 4-CO carbonyl group of ring C, and it confirmed the Ga(III) had bonded to 4-CO. In the spectra of Kae-Ga and Kae-SO 3 -Ga, the presence of unique vibration at 604.0 cm −1 and 629.9 cm −1 , respectively, represented a Ga-O stretching band, which also indicated the formation of metal complex. However, free Kae and its sulfonate exhibited no such band. What is more, a slight increase in vibrational frequency of v(C-OH) between Kae and Kae-Ga (1380.1 cm −1 to 1384.8 cm −1 ), as well as that between Kae-SO 3 and Kae-SO 3 -Ga (1378.9 cm −1 to 1384.4 cm −1 ), suggested the involving of v(C-OH) vibration of phenolic hydroxyl, which revealed that the metal complexation almost had no impact on phenolic hydroxyl. It confirmed the Ga(III) had bonded to 3-OH of ring C. The above outcomes indicated that the Ga(III) ion probably coordinated with Kae and Kae-SO 3 at 3-OH and 4-CO of ring C. The presence of peaks at 1087.4 cm −1 and 1090.0 cm −1 belonged to S=O deformation band in the spectra of Kae-SO 3 and Kae-SO 3 -Ga, respectively. This confirmed that -SO 3 group had bonded to Kae. The broad v(O-H) vibrational bands near 3400 cm −1 in all samples suggested the existence of water. 
FT-IR Spectra Analysis
High-Resolution Mass Spectrometry (HRMS) Analysis
The refinement and upgrading of mass spectrometry techniques have given a considerable impetus to determine the composition, molecular weight distribution and structure of complicated materials [36] . In order to more accurately determine the structure of Ga(III) complexes, the coordination products were identified by HRMS using the positive ionization mode. In Figure 4a , the species with m/z = 639.0034 was assigned to a 1:2 (metal-to-ligand ratio (M:L)) complex for Kae-Ga, which was a consequence of the loss of two hydrogen atoms from two Kae molecules, and then chelating with one Ga(III) cation. In Figure 4b , the peak at m/z = 798.9646 represented two Kae-SO 3 molecules and one Ga(III) ion, which also depicted a 1:2 (M:L) complex for Kae-SO 3 -Ga. Table 4 . Frequencies of characteristic absorption bands in Fourier transform infrared (FT-IR) spectra of Kae, Kae-Ga, Kae-SO3 and Kae-SO3-Ga, respectively. 
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High-Resolution Mass Spectrometry (HRMS) Analysis
The refinement and upgrading of mass spectrometry techniques have given a considerable impetus to determine the composition, molecular weight distribution and structure of complicated materials [36] . In order to more accurately determine the structure of Ga(III) complexes, the coordination products were identified by HRMS using the positive ionization mode. In Figure 4a , the species with m/z = 639.0034 was assigned to a 1:2 (metal-to-ligand ratio (M:L)) complex for Kae-Ga, which was a consequence of the loss of two hydrogen atoms from two Kae molecules, and then chelating with one Ga(III) cation. In Figure 4b , the peak at m/z = 798.9646 represented two Kae-SO3 molecules and one Ga(III) ion, which also depicted a 1:2 (M:L) complex for Kae-SO3-Ga. 
1 H NMR Spectrometry Analysis
Roy et al. [37] successfully synthesized a luteolin-vanadium(II) complex. The results showed that a vanadium(II) cation was complexed with 4-CO and 5-OH sites of luteolin. This hydroxyl chelation site was different from that in Kae-Ga and Kae-SO 3 -Ga, respectively. In the present work, however, the Ga(III)-binding sites on Kae were further confirmed by 1 H NMR study (Table 2 ). Compared to the free Kae, the signal of 3-OH proton was absent in the metal complexes, including Kae-Ga and Kae-SO 3 -Ga (Table 2) . However, the other three hydroxyl group protons (4'-OH, 5-OH and 7-OH) remained after chelation. This indicated that the Ga(III) ion combined with Kae through the 3-OH group.
After the complexes were formed, 1 H NMR data showed that chemical shifts of hydrogen atoms on the 3-OH had changed obviously, while those on the other hydroxyl groups changed slightly. It was probably attributed to the increase of the conjugation effect caused by the coordination when the complex was formed, and the subsequent increase of flavonoid planarity [30] . This result provided evidence that Kae successfully chelated with Ga(III) ion via 3-OH and 4-CO groups, and in the same way Kae-SO 3 combined with Ga(III) ion.
Thermal Study of the Kae-Ga Complex
With the utilization of a simultaneous thermal analyzer, the Kae-Ga sample was detected under dynamic inert atmosphere (nitrogen) and the data of differential scanning calorimetry (DSC) and thermal gravity (TG) could be simultaneously obtained. Figure 5 showed the thermal analysis (TG/DSC) of Kae-Ga with the heating rate of 20 • C·min −1 . TG and derivative thermogravimetric (DTG) plots showed that Kae-Ga exhibited a three-step degradation process. First, a slight weight loss (5.48%) was observed at 34-128 • C, and it was suggested that the complex contained two water molecules, which was 5.32% in calculation. Second, a significant weight loss (30.16%) could be seen at 297 • C, which denoted an exothermic peak. The Kae-Ga complex underwent decomposition, and was converted into carbon oxides and water. Third, in the DTG curve, the next peak in the temperature range of 844-1033 • C was related to the complete decomposition of the complex. The residue eventually turned out to be gallium oxide and remained stable. and 7-OH) remained after chelation. This indicated that the Ga(III) ion combined with Kae through the 3-OH group.
After the complexes were formed, 1 H NMR data showed that chemical shifts of hydrogen atoms on the 3-OH had changed obviously, while those on the other hydroxyl groups changed slightly. It was probably attributed to the increase of the conjugation effect caused by the coordination when the complex was formed, and the subsequent increase of flavonoid planarity [30] . This result provided evidence that Kae successfully chelated with Ga(III) ion via 3-OH and 4-CO groups, and in the same way Kae-SO3 combined with Ga(III) ion.
With the utilization of a simultaneous thermal analyzer, the Kae-Ga sample was detected under dynamic inert atmosphere (nitrogen) and the data of differential scanning calorimetry (DSC) and thermal gravity (TG) could be simultaneously obtained. Figure 5 showed the thermal analysis (TG/DSC) of Kae-Ga with the heating rate of 20 °C·min −1 . TG and derivative thermogravimetric (DTG) plots showed that Kae-Ga exhibited a three-step degradation process. First, a slight weight loss (5.48%) was observed at 34-128 °C, and it was suggested that the complex contained two water molecules, which was 5.32% in calculation. Second, a significant weight loss (30.16%) could be seen at 297 °C, which denoted an exothermic peak. The Kae-Ga complex underwent decomposition, and was converted into carbon oxides and water. Third, in the DTG curve, the next peak in the temperature range of 844-1033 °C was related to the complete decomposition of the complex. The residue eventually turned out to be gallium oxide and remained stable.
Through comprehensive analysis of the above three curves, the Kae-Ga complex exhibited a different degradation over temperatures of 800 °C when compared with other flavonoid-metal complexes in previous studies [38] . Kae-Ga complex decomposed finally over 900 °C, while other flavonoid complexes often below 800 °C. It might probably provide a clue that the Kae-Ga complex possessed a better stability in thermodynamics. Through comprehensive analysis of the above three curves, the Kae-Ga complex exhibited a different degradation over temperatures of 800 • C when compared with other flavonoid-metal complexes in previous studies [38] . Kae-Ga complex decomposed finally over 900 • C, while other flavonoid complexes often below 800 • C. It might probably provide a clue that the Kae-Ga complex possessed a better stability in thermodynamics.
Enhanced Water-Solubility of Kae-SO 3 and Its Complex
Though Kae has many pharmacological activities, poor water solubility and dissolution of Kae has led to its low bioavailability, and subsequently few clinical applications. Certain techniques were thus used in previous studies to improve the aqueous solubility of Kae, such as nanoparticle and liposome delivery systems. Nanoparticle systems recently became a effective technique to significantly enhance dissolution and bioavailability of some poorly water-soluble drugs by reducing the size of the compounds from micron-to nanoscale, usually between 10 nm to 1000 nm. Lin et al. [39] demonstrated that the dissolution percentage of Kae nanoparticle (KAEN) (about 88 nm) was 139-fold higher than that of the pure Kae (about 6.2 µm) in a pH 1.2 hydrochloric acid buffer solution, and KAEN showed better antioxidant activity than Kae in water. Dissolution enhancement was related to the reduced particle size, high encapsulation efficiency and crystal-to-amorphous transformation of Kae, as well as hydrogen bonding between Kae with Eudragit E100 (EE100) and polyvinyl alcohol (PVA) as nontoxic excipients [39] .
In addition, β-cyclodextrin (β-CD) and sulfobutylether β-CD (SBE-β-CD) were useful in overcoming poor water solubility of the flavonoids by inclusion complexation with the flavonoids in their hydrophobic holes, such as has been shown for Kae, luteolin and myricetin [40] . β-CD has a hydrophilic outer suface, and sulfobutylether is a negatively charged group. These factors led to understand that SBE-β-CD was more effective in increasing the water solubility and antioxidant activity of the flavonoids when compared with β-CD. Jung et al. [40] reported that solubility of the flavonoids with SBE-β-CD was about 10-to 50-fold higher than that of flavonoids without CD.
Moreover, flavonoid sulphation or sulfonation was also an effective strategy to improve poor aqueous solubility of flavonoids by increasing flavonoid polarity. Sulphated flavonoids, such as persicarin and quercetin 3-sulphate, were often found in some specific plants. The flavonoids converted to their sulphate esters by enzymatic reactions in plant metabolism [41] . These substituent sulphate groups were negatively charged, which indicated that sulphated flavonoids had increasing polarity and water-solubility than their parent flavonoids. In fact, sulphated flavonoids showed several pharmacological effects, such as anti-inflammatory, anticoagulant and antitumor activities [41] .
In the present study, however, sulfonated Kae and its complexes were successfully synthesized in vitro using a simple and quick preparation process. The solubility of kaempferol-based compounds in water at 30 • C is listed in Table 5 . The aqueous solubility of free Kae and Kae-Ga was 3.95 × 10 −4 mol·L −1 (0.0113 g/100 g soln.) and 6.22 × 10 −4 mol·L −1 (0.0398 g/100 g soln.), respectively. The results proved the poor water solubility of free Kae and Kae-Ga, and these solubilities were of the same order of magnitude. However, the solubility of Kae-SO 3 was obviously elevated to 6.42 × 10 −2 mol·L −1 (2.49 g/100 g soln.). It was almost enhanced 220-fold when compared with that of Kae. Moreover, the solubility of Kae-SO 3 -Ga was significantly increased to 1.70 × 10 −1 mol·L −1 (14.34 g/100 g soln.), which was almost enhanced 360-fold when compared with that of Kae-Ga. Furthermore, Kae-SO 3 -Ga had the highest solubility among the four compounds. The change of solubility showed that the solubility of Kae increased after transforming to its sulfonate, and a coordinated Ga(III) moiety to Kae-SO 3 could greatly enhance water solubility further. Aromatic sulfonation has been recognized as an electrophilic substitution reaction. Sulfonate is prized for its ability to be easily soluble in water [42] . The sulfonic acid group is negatively-charged; therefore, this negatively-charged group could offer an increasing molecular polarity for Kae. The fact that Kae-SO 3 was more polar than Kae allowed Kae-SO 3 to obtain greater water solubility and dissolution. Besides, the coordinated trivalent Ga(III) imparted the complex inner part to a mono-charged ion; hence, the complex inner part still maintained polarity. In addition, Ga(III) might tune the electronic nature of the ligand to assist in improving water solubility. Thus, it could be inferred that solubility improvement of poor water-soluble flavonoids could be achieved by sulfonation of flavonoids, followed by metal complexation. The metal ion complexation with the flavonoids may affect the chemical properties of flavonoid molecules, and therefore lead to changes in the antioxidant activities. Roy et al. [37] reported that both luteolin and luteolin-vanadium(II) complex showed antioxidant activities in a time-and dose-dependent manner by using DPPH, ABTS and ferric reducing antioxidant power (FRAP) methods. However, luteolin-vanadium(II) complex showed better antioxidant activity than luteolin. The compounds could donate electron or hydrogen atom, and react with free radicals or terminate the chain reaction.
In the present study, the results were in agreement with the previous findings that Ga(III) complexation affected the antioxidant activity of the ligands. There is not a universal method to measure antioxidant activity. Hence, two different measurements have been used to assess the antioxidant activity of Kae-based compounds.
DPPH, a stable free radical, is used widely to assess the antioxidant capacity of hydrogen donors or free radical scavengers such as plant extracts and food matrix [43] . In the radical scavenging reaction, antioxidants donate a hydrogen radical or an electron to DPPH · and transform it into a diamagnetic molecule; thus, the antioxidative activity primarily relies on hydrogen-or electron-donating capacity. According to previous studies, Kae was a flavonoid well known for its good radical scavenging activity and antioxidant activity [44] . Therefore, DPPH radical scavenging activities of Kae, Kae-Ga, Kae-SO 3 , Kae-SO 3 -Ga and L-Ascorbic acid (Vc) with different concentrations were measured, respectively. Water-soluble Kae-SO 3 , Kae-SO 3 -Ga and Vc were dissolved in phosphate buffered saline (PBS) solution, while water-insoluble Kae and Kae-Ga in ethanol. The results are shown in Figure 6a and Table 6a . It is well known that flavonoids have many beneficial pharmacological and biological functions, such as antioxidant, anticoagulant, immunomodulatory, anti-inflammatory, anti-microbial, etc. [41, 46] . However, some types of flavonoids showed cytotoxicity against normal healthy cells. Wangchuk et al. [46] reported that luteolin exhibited considerable cytotoxicity on a human normal cholangiocyte cell line. Kae, quercetin and isoquercitrin showed hemolytic potential on human erythrocytes [47] . In our preliminary study about cytotoxicity, interestingly, Kae and its complexes showed low cytotoxicity against normal epithelial cells, but were reasonably toxic on breast cancer cells. Further studies would be carried out on their potential biological activities. Figure 6 . Effects of Kae-based compounds on (a) α,α-diphenyl-β-picrylhydrazyl (DPPH) radical scavenging activity and (b) 2,2'-azino-bis (3-ethylbenzo-thiazoline-6-sulfonic acid) diammonium salt (ABTS) radical scavenging activity. L-Ascorbic acid (Vc) as standard radical scavenger. Water-soluble Kae-SO3, Kae-SO3-Ga and Vc were dissolved in phosphate buffered saline (PBS) solution, respectively, while others in ethanol. Data was expressed as means ± SD obtained in three independent experiments. Significant difference was found from Kae derivative groups and Vc group to the control (p < 0.05). . Effects of Kae-based compounds on (a) α,α-diphenyl-β-picrylhydrazyl (DPPH) radical scavenging activity and (b) 2,2'-azino-bis (3-ethylbenzo-thiazoline-6-sulfonic acid) diammonium salt (ABTS) radical scavenging activity. L-Ascorbic acid (Vc) as standard radical scavenger. Water-soluble Kae-SO 3 , Kae-SO 3 -Ga and Vc were dissolved in phosphate buffered saline (PBS) solution, respectively, while others in ethanol. Data was expressed as means ± SD obtained in three independent experiments. Significant difference was found from Kae derivative groups and Vc group to the control (p < 0.05).
It was observed that DPPH radical scavenging activity was increased significantly for all compounds with increase of their concentrations in the range of 0-75 µmol·L −1 when compared with the control (p < 0.05). It was attributed to the scavenging ability of the Kae, Kae-Ga, Kae-SO 3 , Kae-SO 3 -Ga and Vc as standard radical scavenger. At the concentration of 75 µmol·L −1 , Kae showed about 66% radical scavenging activity towards DPPH, while Kae-SO 3 -Ga about 82%, the highest value than other three Kae-based compounds. Thus, the results indicated that Kae-SO 3 -Ga had the best radical scavenging activity, and these modifications in Kae appeared to offer a workable way to improve the free radical scavenging activity.
In order to confirm the radical scavenging activity, the absorption of active ABTS assay at 734 nm in the presence of these Kae-based compounds was observed. Figure 6b showed the ABTS •+ radical scavenging abilities of Kae-based compounds at different concentrations, respectively. Compared with the DPPH radical scavenging ability, Kae-based compounds showed a higher ABTS •+ radical quenching capacity, which might be due to the different reaction mechanisms of the used methods [45] . Among the Kae-based compounds, Kae-SO 3 -Ga was the most effective compound for scavenging ABTS •+ radical, which was almost closed to Vc, the standard material. For instance, at a concentration of 50 µmol·L −1 , Kae scavenged free radical about 58%, while Kae-SO 3 -Ga about 84%, the highest value than other three Kae-based compounds (Table 6b) . The distinct antioxidant activity of Kae-SO 3 -Ga could be due to its obviously improving water-solubility and enhancing electron-donating capacity through a chelating Ga(III) ion with ring C. Moreover, the active hydroxyl groups of Kae were retained in Kae-SO 3 and Kae-SO 3 -Ga after sulfonation. Thus, Kae-SO 3 -Ga obtained an enhancing ability to stabilize unpaired electrons and then scavenge free radicals. It was thus suggested that Kae-SO 3 -Ga was more suitable as an antioxidant than the parent Kae due to its potential to scavenge free radicals more effectively.
It is well known that flavonoids have many beneficial pharmacological and biological functions, such as antioxidant, anticoagulant, immunomodulatory, anti-inflammatory, anti-microbial, etc. [41, 46] . However, some types of flavonoids showed cytotoxicity against normal healthy cells. Wangchuk et al. [46] reported that luteolin exhibited considerable cytotoxicity on a human normal cholangiocyte cell line. Kae, quercetin and isoquercitrin showed hemolytic potential on human erythrocytes [47] . In our preliminary study about cytotoxicity, interestingly, Kae and its complexes showed low cytotoxicity against normal epithelial cells, but were reasonably toxic on breast cancer cells. Further studies would be carried out on their potential biological activities.
Conclusions
Based on flavonoid Kae, three compounds including sulfonated Kae, the Ga(III) complexes with Kae and sulfonated Kae were successfully synthesized and characterized by means of UV-Vis and FT-IR spectroscopies, 1 H-and 13 C-NMR spectrometry, mass spectrometry and thermogravimetric analysis. Sulfonated Kae and sulfonated Kae-Ga(III) complex showed greater water-solubility than Kae, revealing that the poor water-solubility of flavonoids was overcome by sulfonation, which was related to the increasing molecular polarity by negatively-charged sulfonic group and the complex inner shell. The DPPH and ABTS radical scavenging activity by using UV-Vis spectroscopy under imitated physiological conditions revealed that Kae-SO 3 -Ga exhibited the best antioxidant activity than Kae, Kae-Ga and Kae-SO 3 . Both flavonoid sulfonation and metal ion have impacts on the antioxidative ability of free flavonoid, revealing that the sulfonated flavonoid-metal complex obtains
